In this study, the genes involved in the initial attack on fluorene by Sphingomonas sp. LB126 27 were investigated. The  and  subunits of a dioxygenase complex (FlnA1A2), showing 63% 28 and 51% sequence identity respectively, with the subunits of an angular dioxygenase from 29
INTRODUCTION 37
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants and are 38 formed during the burning, handling or disposal of organic matter including coal tars, crude 39 oil and petroleum products. There are some natural origins, such as forest fires or natural oil 40 seeps, but PAHs mainly arise from combustion-or oil-related anthropogenic activities. A 41 number of organisms that are able to use PAHs as sole source of carbon and energy have been 42 isolated (6) and bioremediation strategies using these organisms have been proposed (17) . 43
CATATGGCCACAGCCCTCATGAACCACCC-3'
and 5'-126 the ends of the amplicon. The PCR product was cloned into pDrive (Qiagen), sequenced, then 128 subcloned into the NdeI and HindIII sites of expression vector pET-30f (Novagen). This 129 construct was transformed into E. coli BL21(DE3) for expression analysis. 130 8 solvent was dried over sodium sulfate and evaporated under nitrogen gas. The dried extracts 153 were then dissolved in 100 or 200 μl acetonitrile, before being derivatized with N, O-154 bis(trimethylsilyl)trifluoroacetamide:trimethylchlorosilane (BSTFA) or n-butylboronate 155 (NBB). In order to quantify the dihydrodiols formed upon incubation of 156 BL21(DE3)(pET30fflnA1A2 recombinant cells with PAHs, 2.3-dihydrobiphenyl (Sigma-157 Aldrich) was added to 0.1 M final concentration in the aqueous phase prior to solid phase 158 extraction, and was used as an internal standard. After derivatization and GC-MS analysis, 159 NBB dihydrodiol derivates were quantified on the basis of peak area using a calibration curve 160 generated by analyzing known amounts of anthracene 1,2-dihydrodiol. GC-MS analysis of 161 trimethylsilyl derivatives was carried out as previously described (18). NBB derivatives were 162 separated on MDN-12 capillary column (30 m, 0.25 mm internal diameter; Supelco) using 163 helium as carrier gas at 1 ml/min. The oven temperature was held at 75°C for 1 min, then 164 increased to 300°C at 14°/min, and held at 300° for 8 min. Nucleotide sequence accession number. The nucleotide sequence described in this report 178 has been deposited in the Genbank database under accession number EU024110. 179
RESULTS AND DISCUSSION 181
Cloning and sequence analysis of genes encoding a novel angular dioxygenase. 182
Sphingomonas strain LB126 has been studied for its ability to grow on fluorene and degrade 183 phenanthrene, anthracene and fluoranthene by cometabolism (47). In order to detect genes 184 potentially involved in the initial attack of PAHs, a PCR strategy was chosen. The genes 185 involved in fluorene oxidation in strain LB126 were expected to display some similarity with 186 counterparts already described in other PAH degrading Sphingomonas strains. Many primer 187 pairs corresponding to conserved domains of previously described PAH dioxygenases were 188 tested (7, 19, 24, 28) , but no amplification could be obtained (data not shown). entire open reading frames (ORF) (ORFs 3-6) and three truncated ones (ORFs 1,2 and 7) was 197 recovered (Table 1) . ORF1 did not share amino acid sequence similarities with any previously 198 described fluorene catabolic genes, but showed significant homology to receptor CirA from Sphingomonas wittichii strain RW1 (36%) and Novosphingobium 200 aromaticivorans F199 (34%). ORF2 encoded a truncated transposase, suggesting that the 201 adjacent gene cluster was probably acquired by horizontal transfer although no change in GC-202 content was noticed. ORFs 3-7 showed a genetic organization similar to that of the 203 dibenzofuran catabolic operon from Terrabacter sp. DBF63 (20) (Fig. 2) . Nevertheless, the 204 product of ORF3, a putative dehydrogenase, did not share significant protein sequencefound with putative dehydrogenases identified in whole genome sequencing projects of 207
Mycobacterium strains MCS and KMS. ORF4 and ORF5 encode the  and  subunits of a 208 putative angular dioxygenase. Their amino acid sequence showed moderate identity (63% and 209 51%) with DbfA1 and DbfA2 from strain DBF63. Phylogenetic analysis revealed that the 210 ORF4 product did not cluster with dioxygenase  subunits from other sphingomonads, and 211 was only distantly related to the angular dioxygenase from Sphingomonas witichii strain RW1 212 (4). The closest homologues within Sphingomonads were the dioxygenase  subunits from 213 the carbazole-degrading strains Sphingomonas sp. KA1 (36 % of protein identity) (41) anddehydrogenase is probably not essential to transform fluorenol to fluorenone but may be 285 required in vivo to catalyze the reaction at a reasonable rate. 1-Hydro-1,1a-dihydroxy-9-286 fluorenone also accumulated when fluorenol or fluorenone were used as substrates, showing 287 that FlnA1A2 was involved in at least two steps in fluorene catabolism ( Incubation with dibenzo-p-dioxin yielded 2,3,2'-trihydroxydiphenylether via angular 316 dioxygenation based on the m/z fragments described from DFDO and CARDO. 317
Since Sphingomonas sp. LB126 is able to use phenanthrene, fluoranthene and anthracene in 318 cometabolic degradation (47), we tested whether FlnA1A2 would attack these PAHs. cis-319 9,10-Dihydroxy-9,10-dihydrophenanthrene, previously identified as a product formed by 320 pyrene dioxygenase from Mycobacterium 6PY1 (22), was detected as the major oxidation 321 product of phenanthrene. Interestingly, cis-3,4-dihydroxy-3,4-dihydrophenanthrene which is 322 produced in the catabolic pathway of known phenanthrene degraders including 323 sphingomonads (7, 34, 50) was not formed. Monohydroxyphenanthrene was detected in low 324 amounts (4 %) and might have resulted from spontaneous dehydration of the corresponding 325 dihydrodiol. In contrast, DFDO did not produce any metabolite when incubated in the 326 presence of phenanthrene (21). When incubated with fluoranthene, trace amounts of 327 monohydroxyfluoranthene could be detected. Anthracene yielded three metabolites. The 328 major compound could be identified as cis-1,2-dihydroxy-1,2-dihydroanthracene by 329 comparison to the oxidation product formed by Phn1 from Sphingomonas sp. CHY-1 (7). 330
Trace amounts of monohydroxyanthracene were also present. CARDO produced the same 331 metabolites but DFDO did not. Moreover, a second putative anthracene-diol could be 332 identified. Its mass spectrum was similar to that of cis-1,2-dihydroxy-12-dihydroanthracene 333 but the retention time was different. Since no angular attack on anthracene is possible withoutfrom Sphingomonas sp. CHY-1 (18). These strains are able to oxidize fluorene but cannot use 364 it as sole source of carbon and energy. The enzymes involved in fluorene oxidation in strain 365 LB126 show relatively high degrees of sequence identity with proteins from Gram-positive 366 bacteria, and were likely acquired by lateral gene transfer since a truncated transposase was 367 identified upstream of the catabolic genes. In angular dioxygenation the carbon atom bonded 368 to the carbonyl group in 9-fluorenol and the adjacent carbon atom in the aromatic ring are 369 both oxidized. FlnA1A2 was able to perform monooxygenations in which the methylene 370 carbon atom in fluorene or the sulfur atom in dibenzothiophene were oxidized. This is an 371 essential step to increase the electron withdrawing capabilities necessary for angular 372 dioxygenation to occur. In dibenzofuran, dibenzo-p-dioxin and carbazole, the connecting 373 atoms, O and N respectively, have high electronegativities and these compounds must not be 374 
